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We investigate the effects of Fe and Co substitutions on the phase stability of the martensitic
phase, mechanical, electronic and magnetic properties of magnetic shape memory system Mn2NiGa
by first-principles Density functional theory(DFT) calculations. The evolution of these aspects
upon substitution of Fe and Co at different crystallographic sites are investigated by computing
the electronic structure, mechanical properties (tetragonal shear constant, Pugh ratio and Cauchy
pressure) and magnetic exchange parameters. We find that the martensitic phase of Mn2NiGa
gradually de-stabilises with increase in concentration of Fe/Co due to the weakening of the minority
spin hybridisation of Ni and Mn atoms occupying crystallographically equivalent sites. The inter-
play between relative structural stability and the compositional changes are understood from the
variations in the elastic modulii and electronic structures. We find that like in the Ni2MnGa-based
systems, the elastic shear modulus C′ can be considered as a predictor of composition dependence
of martensitic transformation temperature Tm in substituted Mn2NiGa, thus singling it out as
the universally acceptable predictor for martensitic transformation in Ni-Mn-Ga compounds over a
wide composition range. The magnetic properties of Mn2NiGa are found to be greatly improved
by the substitutions due to stronger ferromagnetic interactions in the compounds. The gradually
weaker(stronger) Jahn-Teller distortion (covalent bonding) in the minority spin densities of states
due to substitutions lead to a half-metallic like gap in these compounds resulting in materials with
high spin-polarisation when the substitutions are complete. The substitutions at the Ga site re-
sult in two new compounds Mn2NiFe and Mn2NiCo with very high magnetic moments and Curie
temperatures. Thus, our work indicates that although the substitutions de-stabilise the martensitic
phase in Mn2NiGa, new magnetic materials with very good magnetic parameters and potentially
useful for novel magnetic applications can be obtained. This can trigger interests in the experimental
community for further research on substituted Mn2NiGa.
I. INTRODUCTION
Magnetic shape memory alloys (MSMA) have drawn
much attention in recent years due to their multi-
ple functional properties such as magnetic field in-
duced strain (MFIS), large magneto-caloric effect and
magneto-resistance.1–10 The MFIS is useful for magneto-
mechanical actuator,1,3 and large magneto-caloric effect
is associated with magneto-structural coupling,11 useful
for magnetic refrigeration.
Among many MSMAs Heusler Ni-Mn-Ga system has
been explored extensively. The reason was that several
modulated martensite phases were observed in this sys-
tem with the composition ratio of Ni, Mn and Ga near
2:1:1 that is close to that of Ni2MnGa. These modulated
phases were intermediate phases during the martensitic
transformation from the high temperature Heusler phase
to a non-modulated tetragonal phase and had yielded
MFIS as large as 6% and 10%.2,3,12,13 However a marten-
sitic transformation temperature (Tm) of about 200k and
a Curie temperature (Tc) of about 380K
14 were seri-
ous hindrances for exploiting the multi-functionalities of
Ni2MnGa. This is because of the following facts: first,
Tm being lower than the room temperature makes the
commercial realisation of the material for shape mem-
ory applications difficult and second, the large difference
in Tm and Tc makes it impossible to get the maximum
of the magneto-caloric effect as it requires the transi-
tion point for martensitic and magnetic transitions very
close.15
Controlled substitution of one element with another
is a standard procedure for achieving target properties
of materials. In order to optimise the thermodynamic
parameters without compromising much on the other
important properties for functional applications such as
MFIS, substitution of each one of the constituents in
Ni2MnGa with other transition metals Fe, Co and Cu
have been attempted. The outcome of these attempts are
mixed and provide useful insights into the fundamental
physics of this system which can be useful in designing
this material with target properties. A larger MFIS of
about 12% was observed in the non-modulated tetrag-
onal phase of Ni2MnGa upon substitution of all three
elements by 4% of Co and Cu each.16 Several investiga-
tions with substitution of single type of transition metal
into different sub-lattices have also been carried out. The
outcome of substitution at the Ni site is substantial re-
duction of Tm with slight improvement in Tc,
17–19 irre-
spective of whether the substituting element is Fe, Co
or Cu. Substitution at Mn site, on the other hand, pro-
duced results depending upon the substituting element.
While substitution of Mn by Co or Cu elevates Tm and
reduces Tc as the concentration of the substituting ele-
ment increases,20–22 Tm is observed to decrease as a func-
tion of Fe concentration when Fe is substituted at Mn
site. Substitution at the Ga site by either Fe, Co or Cu
shows a trend of rapid increase in Tm and slow decrease
of Tc, resulting in them coinciding for the concentration
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2of the substituting element in the range of 10-20%.22–24
These outcomes, thus, prove that the structure-property
relationships in Ni-Mn-Ga based system delicately de-
pend on the substituting element, the substituent and
the composition.
Mn2NiGa is a new MSMA with the thermodynamic
parameters Tm and Tc much better that the Ni2MnGa,
from the point of view of applications. It shows a marten-
sitic transformation from high temperature Hg2CuTi (In-
verse Heusler) phase to a non-modulated (NM) tetrago-
nal phase with Tm equal to 270K,
25,26 very close to room
temperature. The Curie temperature, Tc, of this mate-
rial is 588K,25,26 much higher than the Ni2MnGa, which
guarantees a magnetically ordered phase well above the
room temperature. Both are desirable for the actua-
tor applications at room temperature. Experimentally
a MFIS of 4% was observed in the NM tetragonal struc-
ture which was still unsaturated in a magnetic field of
1.8T25 implying that a larger MFIS can be obtained
with larger filed. In a recent Density functional the-
ory (DFT) based investigations, a number of modulated
phases were predicted,27 some of which were observed
in experiments28,29 as well. The DFT calculations pre-
dicted that larger MFIS can be realized in the mod-
ulated phases. Very recently, a large inverse magne-
tocaloric effect is also reported in this system.30 There-
fore, Mn2NiGa qualifies the requirements of a MSMA
with multiple functionalities, often better than the pro-
totype Ni2MnGa.
Inspite of having reasonable and more desirable func-
tional properties, one crucial issue with Mn2NiGa is it’s
low value of magnetisation which is about 1.2µB per for-
mula unit as opposed to more than 4µB per formula
unit in Ni2MnGa. This happens due to a ferrimagnetic
ground state arising out of anti-parallel orientation of the
two Mn atoms. Substitution by another magnetic atom
like Co, Fe and Cu could be an useful way to adjust the
magnetic interactions in the parent alloys, thus improv-
ing the magnetisation primarily. With this motivation,
Luo et al. substituted Mn with Fe in Mn2NiGa.
31 They
observed an increase in the saturation magnetisation with
increasing Fe concentration. However, both Tm and Tc
decrease with increasing Fe content and no martensitic
transformation is observed beyond 30% of Fe content31.
Ma et al. investigated the effect of Co substitution at Ni
and Ga sites of Mn2NiGa through magnetisation mea-
surement and ab initio calculations.32 They found a re-
markable three times jump in the saturation magnetisa-
tion when Co is substituted at Ga sites which, by means
of ab initio calculation, was attributed to a complex sub-
lattice occupancy pattern. Though Co substitution at
Ni site wasn’t as dramatic, the magnetisation improved
which was explained by means of increasing ferromag-
netic component in a ferrimagnetic host. In both cases,
the martensitic transformation vanished rapidly indicat-
ing stabilisation of the the Inverse Heusler phase down to
low temperature. A different variation of Tc with Co con-
tent was observed depending on the site of substitution.
Very recently, DFT calculations on Cu doped Mn2NiGa
reported that Tm decreases when Cu is substituted at
Mn and Ni sites but increases when substituted at Ga
site.
The investigations on substitution of another transi-
tion metal in Mn2NiGa are thus quite scattered. How-
ever, they offer very interesting perspectives, both for
fundamental understanding as well as for engineering
materials with target properties. The number of va-
lence electron per atom(e/a) was identified to be a
predictor of Tm with Tm ∼ e/a33–35 for systems un-
dergoing martensitic transformations. In case of off-
stoichiometric Ni2MnGa alloys and Fe, Co and Cu sub-
stituted Ni2MnGa alloys e/a was found not to correlate
with Tm.
36–38 Instead, the shear modulus C′ was found
to be a better predictor for composition dependence of
Tm.
37,38 On the other hand, ∆E, the energy difference
between the high temperature Heusler phase and the low
temperature NM tetragonal phase, was found to corre-
late well with C′ and Tm for a number of systems in
the Ni-Mn-Ga family.39,40 Experimental results on sub-
stituted Mn2NiGa
31,32 indicate that e/a does not cor-
relate with Tm. On the other hand, the variations of
Tc and magnetisation in substituted Mn2NiGa depend,
both quantitatively as well as qualitatively, not only on
the nature of the element that is being substituted. An-
other noteworthy point is the gradual stabilisation of the
high symmetry Inverse Heusler phase with substitution,
irrespective of the chemical identity of the substituting
atom and the site in which it is being substituted, in sub-
stituted Mn2NiGa. One, therefore, needs a systematic
first-principle based investigation addressing the multiple
issues, under a single approximation, in order to provide
fundamental understanding of the interrelations between
composition, sub-lattice occupancy, phase stability and
magnetic interactions. An investigation along this line
would help to tune the necessary parameters for targeted
applications in Mn2NiGa base systems and possibly in
Ni-Mn-Ga systems over a wide composition range.
In this paper, we report the outcome of substitution
of 25%, 50%, 75% and 100% Fe and Co at different sites
of the parent compound Mn2NiGa. Specifically we have
looked at the patterns of site occupancies upon a partic-
ular substitution, the stabilities of the martensitic NM
phases, the elastic properties, the total and atomic mag-
netic moments, the effective magnetic exchange interac-
tions and the magnetic transition temperatures and their
variations upon substitution at different sites. The re-
sults are interpreted from the composition dependencies
of the computed electronic structures. This approach en-
ables us to pinpoint the microscopic origin of the marten-
sitis phase stability upon different substitutions, the vari-
ations in the magnetic properties with compositions and
nature of the substitutions, the variations in the mechan-
ical properties and their interrelations with the nature of
the martensitic stability and most importantly in estab-
lishing a predictor for variations in Tm. Another outcome
of this investigation is the prediction of a new material
3with high magnetisation and high Tc which can be used
in various applications which require large moment and
stability of magnetically ordered phase and which can
fall in the same class of X2YZ materials with Heusler or
Heusler-like structures where all three components have
unfilled d-shells.41
The paper is arranged as follows: In Sec. II, the first
principles computational method and the calculational
details are provided. In Sec. III, the results of our cal-
culations and their analysis are presented. The final re-
marks on this work are presented in Sec. IV.
II. COMPUTATIONAL METHODS
The total energies, the electronic structures and the
magnetic moments were calculated with spin-polarized
density functional theory (DFT) based projector aug-
mented wave (PAW) method as implemented in Vi-
enna Ab-initio Simulation Package (VASP).42–44 For all
calculations, we have used Perdew-Burke-Ernzerhof im-
plementation of Generalised Gradient Approximation
(GGA) for exchange-correlation functional.45 An energy
cut-off of 450 eV and a Monkhorst-Pack46 11×11×11 k-
mesh were used for self consistent calculations. A larger
k-mesh of 15×15×15 was used for the calculations of the
electronic structures. The convergence criteria for the to-
tal energies and the forces on individual atoms were set
to 10−6 eV and 10−2 eV/A˚ respectively. To investigate
the stability of the substituted compounds, we have cal-
culated the formation energy for each system, which can
be obtained the following way,
Ef = Etot −
∑
i
niEi (1)
Etot is the ground state total energy of a system, Ei is
the ground state energy of the i-th component in it’s el-
emental phase and ni is it’s concentration in the system
under consideration. The elastic constants for the com-
pounds are calculated only for their high temperature
phases with cubic symmetry. The details of the calcula-
tions are given in the supplementary material.
The magnetic pair exchange parameters are computed
in order to understand the nature of the magnetic inter-
actions in these systems. They are efficiently calculated
using multiple scattering Green function formalism as im-
plemented in SPRKKR code.47 In this approach, the spin
part of the Hamiltonian is mapped to a Heisenberg model
H = −
∑
µ,ν
∑
i,j
Jµνij e
µ
i .e
ν
j (2)
µ, ν represent different sub-lattices, i, j represent atomic
positions and eµi denotes the unit vector along the di-
rection of magnetic moments at site i belonging to sub-
lattice µ. The Jµνij s are calculated from the energy dif-
ferences due to infinitesimally small orientations of a
pair of spins within the formulation of Liechtenstein et
al..48 In order to calculate the energy differences by the
SPRKKR code, full potential spin polarised scaler rel-
ativistic Hamiltonian with angular momentum cut-off
lmax = 3 is used along with a converged k-mesh for
Brillouin zone integrations. The Green’s functions are
calculated for 32 complex energy points distributed on a
semi-circular contour. The energy convergence criterion
was set to 10−5 eV for the self-consistency cycles. The
equilibrium lattice parameters obtained from the PAW
calculations were used in these calculations. These ex-
change parameters are then used for the calculations of
Curie temperatures (Tc). The Curie temperatures are
estimated with two different approaches: the Mean field
approximation (MFA)49 and the Monte Carlo simulation
(MCS) method in order to check the qualitative consis-
tency in the results and to obtain a reliable estimate of
the quantity as the MFA is known to overestimate Tc
while the MCS method is more accurate quantitatively.
Details of the MFA and MCS calculations are given in
the supplementary material.
III. RESULTS AND DISCUSSIONS
At high temperature, Mn2NiGa crystallises in
Hg2CuTi (Inverse Heusler) structure (space group no.
216; F 4¯3m) with four inequivalent Wyckoff positions (4a,
4b, 4c, 4d) in an FCC unit cell.25,50 The Mn atoms oc-
cupy the 4a (0,0,0) and 4c (0.25, 0.25, 0.25) Wyckoff
positions; we denote them as MnI and MnII respectively.
The 4b (0.5, 0.5, 0.5) and 4d (0.75, 0.75, 0.75) positions
are occupied by Ni and Ga respectively. In this work,
we focus on the high temperature phase as results ob-
tained in this phase would be enough for most of the
physical understanding about the effects of substituting
another magnetic element on the functional properties of
Mn2NiGa. To model the chemical substitution, we have
taken a 16 atom conventional cubic cell. Thus, chemical
substitution of 25 %, 50%, 75% and 100% can be mod-
elled by successive replacement of the atoms of one of the
constituents. For example, to make a 25% of Co substi-
tution at Ni site, one Ni atom out of the four in the 16
atom cell is to be replaced with one Co atom. This mod-
elling strategy has worked well in cases of investigations
on chemically substituted Ni2MnGa.
51,52
A. Site preferences, stability and structural
parameters
The site occupancies in a substituted system have im-
portant impact on the physical properties of the system.
Thus, before proceeding with computations of the phys-
ical properties, the site preferences of the substituting
atom is to be decided. If the substituting atom occu-
pies the site of the substituted element, the configura-
tion is “normal”, else it is termed “abnormal”. The pre-
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FIG. 1: Calculated total energy as a function of lattice con-
stant for 25% Fe, Co, Ni and Cu substituted at Ga site in
Mn2NiGa(Mn2NiGa0.75X0.25). “normal”: Fe, Co, Ni or Cu
occupy the Ga sublattice; “abnormal”: Fe, Co, Ni or Cu oc-
cupy the MnI sites and remaining MnI atoms move to Ga
sites.
ferred site occupancy is determined by comparing the
total energies of the two configurations. In case of Fe
and Co-substituted Ni2MnGa, free energy calculations
revealed that the preferred configuration in cases of sub-
stitutions at Ni or Mn sites are “normal” whereas the
substitution at Ga site prefers an “abnormal” configura-
tion(Substituting Fe(Co) occupies the Mn(Ni)sites while
the rest of Mn(Ni) move to Ga sites).38 For Cu sub-
stituted Ni2MnGa, the preferred configuration always
is the “normal” one.38 In case of Co and Cu substi-
tuted Mn2NiGa, the trend of site occupancy is found
to be quite similar to that of substituted Ni2MnGa
systems.32,53 It has been observed that in Heusler alloys,
the following pattern of site occupancy is generally fol-
lowed: the substituting transition metal atom will prefer
the 4a and 4b sites if it has a larger number of valence
electrons, while it will prefer the 4c and 4d sites if the
number of valence electrons is less.54–58 This has been
observed even in cases of anti-site disorder in Mn2NiZ
alloys.59,60 So the substituting Fe or Co in Mn2NiGa
would prefer the MnI sites over MnII sites if Mn atoms
are being substituted, as, Fe and Co both have larger
number of valence electrons than Mn. We have veri-
fied this by comparing the total energies of two cases:
one, where the entire Fe/Co occupies MnI sites and two,
Fe/Co are equally distributed among the two Mn sites.
For substitution of Fe or Co at Ni site, we find the “nor-
mal” site occupancy(Fe/Co occupying Ni sites) to be en-
ergetically favourable. This is consistent with the general
pattern described above and the previous first-principles
results on Co substituted Mn2NiGa.
32 The substitution
at Ga site, however, follows a different pattern, depend-
ing upon the substituting element. In case of Co sub-
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FIG. 2: Formation energy (eV/f.u.) as a function of Fe and
Co content substituted at different sites in Mn2NiGa.
stitution at Ga site in Mn2NiGa, earlier work
32 showed
that the Co prefers to occupy the MnI sites pushing the
remaining MnI atoms to Ga sites(henceforth denoted as
MnIII). This can be understood on the basis of the gen-
eral occupancy pattern in Heusler alloys described above:
since Co has more valence electrons than Mn and Ga, it
will occupy the MnI sites and the remaining MnI will
occupy the Ga sites and would be distinguished from
MnI and MnII by being denoted as MnIII. In order to
check whether this is indeed the cases with both Fe and
Co-substituted system, we have computed the total en-
ergies for “normal” and “abnormal” configurations. The
results for 25% substitution are shown in Fig. 1. For
comparison, we have also shown the results for Ni and
Cu-substitution at Ga sites. The results suggest that the
“abnormal” site occupancies are preferable for Fe, Co and
Ni substitutions at Ga sites of Mn2NiGa while Cu substi-
tution prefers a “normal” configuration. This exactly fol-
lows the trend obtained in substituted Ni2MnGa
38. We
can thus conclude that the site preferences of the sub-
stituting transition metal atom in Ni-Mn-Ga systems is
dependent on the valence shell electronic configurations
of both the atom that is being substituted and the sub-
stituting atom.
After fixing the site preferences of the atoms in sub-
stituted Mn2NiGa, we computed the equilibrium lattice
constants and the formation energies of the compounds
obtained by chemical substitutions at various sites in the
cubic Hg2CuTi phase. The results are presented in Ta-
ble I. For all the cases, the equilibrium lattice constants
decreases linearly with increasing concentration of the
substituting element. For most of the cases, this trend
can be explained from the variations of atomic radii of
host (The atomic radii of Mn, Ni and Ga are 1.27A˚,
1.24A˚ and 1.35A˚ respectively) and the substituting el-
ements(The atomic radii of Fe and Co are 1.26A˚ and
1.25A˚ respectively). The only exception are the substitu-
tions at the Ni site where instead of an expected increase
in the lattice constant with concentration of the substi-
tuting element, the lattice constant decreases. Thus, the
trends in the variations in the lattice constants cannot be
5TABLE I: Calculated values of equilibrium lattice constants (a0), electron to atom ratios (e/a) and the formation energies (Ef )
of various compounds in the Hg2CuTi phase are given. The total energy differences (∆E) between the austenite (Hg2CuTi)
phase and the martensite (tetragonal) phase (The equilibrium value of (c/a), the tetragonal distortion, is given in parentheses)
and the corresponding volume changes (|∆V |/V ) with respect to the equilibrium volume in the Hg2CuTi phase, are given in
5th and 6th column. MA is the total magnetic moment in µB/f.u. of the austenite phase. Reported values of lattice constants
and magnetic moments in the literature are also given.
System a0(A˚) e/a Ef ∆E(c/a) |∆V |/V MA aLit.0 (A˚) MLit.A
(eV/f.u.) (mev/atom) (%) (µB/f.u.) (µB/f.u.)
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 0.65 1.16 5.91,
25,31 5.85,61,62 5.8832 1.14,61 1.1832
(Mn0.75Fe0.25)NiMnGa 5.83 6.8125 -0.96 8.55(1.26) 0.98 1.72 5.88
31 1.5531
(Mn0.5Fe0.5)NiMnGa 5.81 6.875 -0.94 - - 2.62 5.86
31 2.6831
(Mn0.25Fe0.75)NiMnGa 5.78 6.9375 -0.90 - - 3.46
FeNiMnGa 5.75 7 -0.81 - - 4.02 5.79963 4.0163
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 1.04 1.16
Mn2(Ni0.75Fe0.25)Ga 5.82 6.625 -0.94 11.80(1.30) 0.42 1.45
Mn2(Ni0.5Fe0.5)Ga 5.80 6.5 -0.87 5.07(1.34) 1.67 1.49
Mn2(Ni0.25Fe0.75)Ga 5.79 6.375 -0.75 15.04(1.38) 1.71 1.31
Mn2FeGa 5.78 6.25 -0.62 33.07(1.40) 2.53 1.04 5.80,
64 5.7662 1.0362
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 0.65 1.16
Mn2Ni(Ga0.75Fe0.25) 5.82 7.0625 -0.78 9.56(1.30) 1.82 2.79
Mn2Ni(Ga0.5Fe0.5) 5.80 7.375 -0.58 - - 4.63
Mn2Ni(Ga0.25Fe0.75) 5.77 7.6875 -0.31 - - 6.40
Mn2NiFe 5.74 8 0.00 - - 8.03
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 0.65 1.16
(Mn0.75Co0.25)NiMnGa 5.83 6.875 -1.19 18.57(1.26) 0.43 1.97
(Mn0.5Co0.25)NiMnGa 5.81 7 -1.43 - - 2.95
(Mn0.25Co0.75)NiMnGa 5.80 7.125 -1.68 - - 3.78
CoNiMnGa 5.78 7.25 -1.94 - - 4.98 5.80363 5.0763
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 0.65 1.16
Mn2(Ni0.75Co0.25)Ga 5.82 6.6875 -1.17 18.51(1.28) 0.02 1.46 1.52
32
Mn2(Ni0.5Co0.5)Ga 5.80 6.625 -1.36 7.00(1.28) 1.02 1.71 5.88
32 1.7032
Mn2(Ni0.25Co0.75)Ga 5.78 6.5625 -1.54 - - 1.92
Mn2CoGa 5.76 6.5 -1.70 - - 2.00 5.78
62 2.0062
Mn2NiGa 5.84 6.75 -0.98 26.98(1.28) 0.65 1.16
Mn2Ni(Ga0.75Co0.25) 5.82 7.125 -1.04 16.99(1.30) 1.82 2.88 3.11
32
Mn2Ni(Ga0.5Co0.5) 5.81 7.5 -1.09 - - 4.73 5.84
32 5.2932
Mn2Ni(Ga0.25Co0.75) 5.80 7.875 -1.14 - - 6.94
Mn2NiCo 5.79 8.25 -1.13 - - 9.04
understood in terms of differences in atomic radii alone,
and the other effects like bonding and magnetism are
expected to play roles as were noted earlier.38,53 An-
other noteworthy point is that while the trends in the
variations of the lattice constants obtained in this cal-
culations qualitatively agree with that observed in the
experiments on Fe-substituted at Mn sites31 and Co sub-
stituted at Ga sites of Mn2NiGa,
32 the experimentally
observed trends are opposite to our calculated results in
cases of Co-substituted at the Ni sites.32 Experimentally,
it is found that the lattice constant increases with in-
creasing concentration of Co when it is substituted at
the Ni site, although the increase is very slow (about
0.1% maximum). Thus, the calculated trends are consis-
tent with the experiments for most of the systems under
consideration here.
In Fig. 2, we present the variations in formation
energies of compounds with Fe or Co substituted at
different sites in Mn2NiGa as a function of the con-
centration of the substituent. It can be seen that
the formation energy is negative for all systems except
Mn2NiFe(Ef=0). This implies that except Mn2NiFe
all the compounds can form in the the Hg2CuTi struc-
ture from enthalpy point of view. We haven’t come
across any experimental result regarding Mn2NiFe con-
tradicting this finding. As some of the compounds
under investigation such as Mn2−xFexNiGa(x=0-0.5),31
Mn2Ni1−xCoxGa(x=0-0.5) and Mn2NiGa1−xCox(x=0-
0.52)32 have already been synthesised, our DFT calcula-
tions correctly reproduce the experimental observations
and hence can provide a guidance regarding possibility
of synthesising the ones which have not been synthe-
sised yet. Regarding the relative stabilities of compounds
upon substitution of different atoms, our calculations im-
ply that the substitution at different sites by Co is more
favourable than substitution by Fe. Also the substitu-
tions at the Ga sites make the compounds least stable.
By comparing the formation energies calculated here and
in Ref. 53, we conclude that the Co substitution in
Mn2NiGa produces more stable compounds compared to
the ones formed by substituting Fe or Cu.
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FIG. 3: The variations of total energies as a function of c/a ratio for Fe and Co substituted Mn2NiGa compounds. The zero
energy is taken to be the energy of austenite phase.
B. Martensitic phase transformation
From the point of view of functionality, it is impor-
tant to investigate the sustainability of the martensitic
transition of Mn2NiGa upon substitutions by various
atoms. Experiments on Co-substitution at Ni and Ga
sites32 did not find any martensitic transformation be-
yond 16% of Co in the system. The measurements on
Mn2Co0.08Ni0.92Ga and Mn2Co0.08NiGa0.92 showed that
Tm decreases rapidly to 125K and 103K respectively from
270K in case of Mn2NiGa. Fe-substitution at Mn site also
led to a rapid decrease of Tm(120K for Mn1.7Fe0.3NiGa)
with no trace of martensitic transformation being ob-
served beyond 30% of Fe. In this sub-section, we examine
the stabilities of the martensitic phases for all the com-
pounds in order to find if there is any trend with quanti-
ties like (e/a) so that a predictor of variation in the Tm
can be fixed. We do this by computing the total energy
differences, ∆E, between the high temperature Hg2CuTi
phases and the low temperature non-modulated marten-
sitic phases with tetragonal structure, the later being ob-
tained by tetragonal distortion of the former. While ∆E
does not provide accurate quantitative estimate of Tm
as that requires inclusion of various contributions to the
free energy which are difficult to compute for a chemically
disordered system, it’s variations with compositions help
make a heuristic predictions on qualitative variations of
Tm and the stability of the martensitic phases. Such an
approach has been adopted elsewhere39,53 successfully.
In Fig. 3, we show the results of variations in the total
energies with tetragonality(c/a) by keeping the volume
constant at the equilibrium volume of Hg2CuTi phases
for each one of Fe and Co substituted Mn2NiGa systems.
The reference energy in all cases is fixed at the one cor-
responding to (c/a)=1, the Hg2CuTi phase. From Fig.
3(a) and (c), it can be seen that the Fe or Co substitutions
at Mn or Ga sites reduce the stabilities of the marten-
site phases as the values of ∆E decrease(see Table-I)
compared to the host Mn2NiGa(∆E=26.98 meV/atom)
as the concentrations of the substituents increase. The
total energy plots for (Mn2−xFex)NiGa show that for
x = 0.25, the martensitic phase is almost de-stabilised;
the ∆E decreases by a factor of more than 3 in compar-
ison to the parent compound. At x = 0.5, the tetrag-
onal phase is not even energetically favourable. These
are in good agreement with the experimental observa-
tions as ∆E is considered as the predictor for Tm.
31 In
case of Mn2Ni(Ga1−xCox), our calculated trends on the
composition dependence of the martensitic transforma-
tion differs slightly from the experimental observations.
In the experiments, no martensitic transformation was
observed beyond x = 0.16.32 Our calculations, on the
other hand, obtains a substantially deep energy minima
at (c/a) 6= 1 for x = 0.25, signifying the possibility of
martensitic transformation at this composition. Quali-
tatively, though, this result is in agreement with the ex-
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FIG. 4: The calculated bulk modulus(B), shear elastic con-
stants C44 and C
′ as a function of Fe content at different
sites in Mn2NiGa. The dashed lines represent variations of
∆E with x; ∆E is defined in Table I.
perimental observation as ∆E gradually decreases with
x. The discrepancy can be due to consideration of only
the total energy differences. Inclusion of various free en-
ergy contributions can make the deep energy minimum
vanish, in agreement with the experiment. We see the
same trend of gradual de-stabilisation of the martensitic
phases with increasing concentration of the substituents
for (Mn2−xCoxNiGa and Mn2Ni(Ga1−xFex) systems. A
comparison of the ∆E values for systems presented in
Figs. 3(a) and (c) indicate that Co-substituted systems
have greater stability of the martensitic phases in com-
parison to Fe-substituted systems.
In Fig. 3(b) and (d), we compare the cases between Fe
and Co substitutions, respectively, at the Ni sites. We
find a gradual de-stabilisation of the martensitic phase
with increasing x for Mn2(Ni1−xCox)Ga system. A shal-
low minima at a (c/a) 6= 1 for x = 0.5 followed by absence
of any minima for c/a 6= 1 for higher x indicate that
martensitic transformation at reasonable temperatures
might happen for upto x = 0.25. This, once again, is
slightly different from the experimental observations that
no traces of martensitic transformation were obtained for
x > 0.16.32 The case of Mn2(Ni1−xFex)Ga is somewhat
different from the rest. Here, we see gradual decrease in
∆E with x indicating the gradual de-stabilisation of the
martensitic phase upto x = 0.5. However, as x increases
further, ∆E increases with the highest ∆E obtained for
x = 1, that is, for the compound Mn2FeGa. An inspec-
tion of the relative volume changes in Table I shows that
for this system, the relative changes in volume with x are
substantial and as large as 2.53% for Mn2FeGa. Thus,
although there is a cubic-to-tetragonal transformation, it
is not volume conserving and thus is not martensitic as is
the case for shape memory alloys. The physics of cubic-
to-tetragonal phase transformation in Mn2FeGa is very
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FIG. 5: The calculated bulk modulus(B), shear elastic con-
stants C44 and C
′ as a function of Co content at different
sites in Mn2NiGa. The dashed lines represent variations of
∆E with x; ∆E is defined in Table I.
different as discussed in Ref. 65 and thus the trends ob-
served in our calculations do not suggest any anomalous
behaviour in this system.
The Fig. 3 and the tabulated (e/a) and ∆E values
in Table I now suggest that the ∆E can be considered
as a predictor for the qualitative variations in the Tm.
However, in the systems under consideration, Tm versus
(e/a) correlation is absent except in Mn2(Ni1−xCox)Ga
system, suggesting that (e/a) would not be a good pre-
dictor for Tm. This is consistent with the experimental
results.31,32 Summarising, we find a universal trend of
de-stabilisation of the martensitic phase with increasing
Fe or Co concentration, irrespective of the site at which
they are substituted. The martensitic phases are stable
mostly at low concentrations (upto x = 0.25) of the sub-
stituent. In the next sub-sections we analyse the reasons
behind this.
C. Elastic properties
The composition dependent variations in the elastic
constants of the high temperature austenite phase having
cubic symmetry can often be a predictor of the marten-
sitic transformation for the Ni-Mn-Ga system.37,39 In Fe,
Co and Cu substituted Ni2MnGa, it has been estab-
lished that the shear modulus C ′ can be a better predic-
tor of composition dependent Tm
38,53 than e/a since the
martensitic transformations in these systems are related
to the soft phonon modes which, in turn, are associated
with the tetragonal shear elastic constant C ′ in the high
temperature austenite phase. In Mn2NiGa, the mecha-
nism of martensitic phase transformation is quite similar
to Ni2MnGa.
27 So the calculation of C ′ along with other
elastic constants would be useful to verify whether C ′
8can be a good predictor of the composition dependence
of martensitic transformation apart from the fundamen-
tal understanding of the composition dependence of the
mechanical stability of these systems.
In Fig. 4 and 5, we present the results of calculated
bulk modulus and shear modulii C44 and C
′ for Fe and Co
substituted Mn2NiGa. For all systems, the bulk modu-
lus increases as the volume decreases which is consistent
with the expected general trend. The elastic modulus
C44 is positive for all the alloys which satisfies one of the
stability criteria for crystals with cubic symmetry. The
value of C ′ increases with increasing of Fe or Co concen-
tration which indicates that the system is increasingly
insusceptible to a martensitic transformation. Negative
or very low values of C ′ upto 25% of the substituent
concentration for all systems are consistent with the ob-
tained trends in the total energy minima with composi-
tions(Fig. 3). For Mn2(Ni1−xFex)Ga system, we notice
that the C ′ is almost constant beyond x = 0.25 as op-
posed to the increasing trend (with x) for other systems.
This is, once again, consistent with the fact that at all
compositions in this particular system, the cubic phase
transforms to a tetragonal phase with large energy cost,
in particular for x > 0.5, although such a phase transfor-
mation is not a volume conserving martensitic one. The
important outcome of the variations in the C ′ with com-
positions is that it can be considered as a better predictor
of the composition dependence of Tm. In the previous
sub-section, we have demonstrated that ∆E is a good
predictor of the martensitic transformation. However, in
order to fix a predictor, one need a physically measur-
able quantity. The justification of considering C ′ as the
one can be understood by looking at the variations of
C ′ with ∆E as shown in Fig. 4 and 5. The C ′ has a
inverse relationship with ∆E which is according to our
expectations; the former indicating increasing difficulty
in de-stabilising the Hg2CuTi structure against tetrag-
onal shear while the later stands for the possibility of
obtaining a martensitic transformation. Another signif-
icance of this result is that one can immediately find a
similarity with regard to fixing C ′ as the predictor of the
composition dependence of Tm in Fe, Cu and Co sub-
stituted Ni2MnGa systems. To make sure that this is
indeed true in cases of substitutions of all of these three
atoms in Mn2NiGa also, we have plotted the variations of
B,C44 and C
′ with concentration of the substituent for
Cu substitution in various sites of Mn2NiGa (Fig. 1, sup-
plementary material) along with variations in ∆E(values
taken from Ref. 53). We see the same inverse relation-
ship between C ′ and ∆E in this system as well. Thus,
we can conclude that C ′ can be considered as the predic-
tor of the composition dependence of martensitic phase
transformation in Ni-Mn-Ga alloy system, irrespective of
substitution by another magnetic atom.
One of the reasons for substituting another magnetic
atom into Mn2NiGa is to improve it’s mechanical prop-
erties, such as ductility. A good measure of whether the
system is more ductile or more brittle is to look at it’s
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FIG. 6: Variations in the Cauchy pressure Cp = (C12 − C44)
with Pugh ratio Gv/B are plotted for all the compounds.
According to Ref. 66, Cp > 0, Gv/B < 0.57 indicates
more ductility and more component of metallic bonding while
Cp < 0, Gv/B > 0.57 indicates more brittleness and stronger
covalent bonding.
Pugh ratio67 given as Gv/B, Gv the isotropic shear mod-
ulus under Voigt formalism68 related to the resistance
of the material to plastic deformation and B the Bulk
modulus. A Gv/B value of 0.57 is considered critical to
decide on the brittleness of the compound. Compounds
having the Pugh ratio greater than 0.57 are considered
more brittle. On the other hand, Cauchy pressure, de-
fined as Cp = (C12 − C44) provides an insight to the
nature of bonding in a material with cubic symmetry.69
According to this, a positive value of Cauchy pressure
indicates presence of more metallic bonding in the sys-
tem while a negative value implies stronger component
of covalent bonding. Very recently, Niu et al. has shown
that the Pugh ratio and Cauchy pressure are well cor-
related with their ductile-to-brittle transition, matching
with the metallic-to-covalent bonding transformation for
a number of cubic crystals.66 In Fig. 6, we plot the Pugh
ratio versus Cauchy pressure for all the compounds stud-
ied here. For better understanding of the trends for each
type of substitution, the values of the elastic modulii are
given in Table II. The results as displayed in Fig. 6 imply
that a correlation between Cp and (Gv/B) as suggested
in Ref. 66 and is seen in case of a group of Co2 and
Ni2-based Heusler alloys.
70 However, the absolute num-
bers in Table II suggest that for a given group of sys-
tems, that is, systems obtained by gradual substitution
of a particular atom at a particular site of Mn2NiGa,
this correlation does not necessarily hold. For example,
one can see a linear variation between Cp and (Gv/B)
in (Mn2−xFex)NiGa for x ≤ 0.5 after which the Cp in-
creases with almost no variation in (Gv/B). Overall, the
results imply that the systems are very close to ductile-
brittle critical limit and that the bonding has more metal-
lic component, the two notable exceptions are when Co
or Fe is substituted at the Ni site. As the Ni content
9TABLE II: Elastic constants of Co and Fe substituted Mn2NiGa in their Hg2CuTi cubic phases.
System B C′ C44 C11 C12 Gv Gv/B Cp = C12 − C44
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
(Mn0.75Fe0.25)NiMnGa 131 5.1 116.43 137.8 127.6 71.9 0.55 11.17
(Mn0.5Fe0.25)NiMnGa 144 18.69 121.72 168.92 131.54 80.51 0.56 9.82
(Mn0.25Fe0.75)NiMnGa 163 29.2 128.54 201.93 143.53 88.8 0.54 14.99
FeNiMnGa 181 38.18 137.23 231.91 155.55 97.61 0.54 18.32
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
Mn2(Ni0.75Fe0.25)Ga 117 -2.41 125.1 113.79 118.61 74.1 0.63 -6.49
Mn2(Ni0.5Fe0.5)Ga 126 10.42 131.25 139.89 119.05 82.92 0.66 -12.2
Mn2(Ni0.25Fe0.75)Ga 136 13.2 135.8 153.6 127.2 86.76 0.64 -8.6
Mn2FeGa 141 15 127.64 161 131 82.58 0.59 3.36
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
Mn2Ni(Ga0.75Fe0.25) 125 6.44 116.96 133.59 120.71 72.75 0.58 3.75
Mn2Ni(Ga0.5Fe0.5) 144 24.56 113.46 176.75 127.63 77.9 0.54 14.17
Mn2Ni(Ga0.25Fe0.75) 166 40.66 111 220.21 138.89 82.86 0.5 27.89
Mn2NiFe 183 52.94 111.12 253.59 147.71 87.85 0.48 36.59
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
(Mn0.75Co0.25)NiMnGa 128 4.5 111.71 133.99 125 68.82 0.54 13.29
(Mn0.5Co0.25)NiMnGa 142 14.21 118.39 160.84 132.43 76.72 0.54 14.04
(Mn0.25Co0.75)NiMnGa 153 18.11 123.93 176.94 140.73 81.6 0.53 16.8
CoNiMnGa 167 48.27 125.22 231.17 134.62 94.44 0.57 9.4
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
Mn2(Ni0.75Co0.25)Ga 133.7 3.61 124.28 138.51 131.29 76.01 0.57 7.01
Mn2(Ni0.5Co0.5)Ga 138.6 21.51 129.61 167.28 124.26 86.37 0.62 -5.35
Mn2(Ni0.25Co0.75)Ga 144.6 33.7 128.81 189.54 122.13 90.77 0.63 -6.38
Mn2CoGa 147.6 44.93 148.18 207.51 117.65 106.88 0.72 -30.53
Mn2NiGa 116 -13.75 108 97.67 125.17 59.3 0.51 17.17
Mn2Ni(Ga0.75Co0.25) 124.9 4.3 112.9 130.63 122.03 69.46 0.56 9.13
Mn2Ni(Ga0.5Co0.5) 131.6 23.09 110.28 162.38 116.21 75.4 0.57 5.93
Mn2Ni(Ga0.25Co0.75) 149.9 41.29 118.04 204.95 122.37 87.34 0.58 4.33
Mn2NiCo 171.7 67.36 112.26 261.52 126.79 94.3 0.55 14.53
in the systems decrease, we observe the tendency of the
system to be more brittle and the bonding having more
covalent component. Mn2CoGa has the highest (Gv/B)
ratio of 0.72 which is close to Si and Ge66 along with a
large negative Cp. The effect is not as dramatic in case
of Mn2(Ni1−xFex)Ga although a high value of (Gv/B),
0.66, along with a Cp value -12.2 are obtained for x = 0.5.
Beyond x = 0.5, the system tends to be more metallic
and ductile although the numbers for x = 0.75 and 1 are
closer to the transition lines. Thus, the bonding features
in cases of substitutions at Ni site must be different from
the rest.
D. Electronic structure
The results in the previous two sub-sections demon-
strate that the martensitic phase gets gradually de-
stabilised as the concentration of the substituent in any
one of the sites of Mn2NiGa increases. For most of the
systems investigated, a concentration (of the substituent)
beyond 25% leads to a complete stabilisation of the cu-
bic austenite phase. At the same time, one sees that
except substitutions at the Ni site, the bonding remains
dominantly metallic in nature. In this sub-section we try
to understand the reasons behind these trends from the
composition dependent variations of the electronic struc-
tures in the substituted Mn2NiGa systems. To do this,
we have plotted the total densities of states of compounds
where Fe and Co are substituted in various sites. The re-
sults for Fe substitution at different sites are shown in
Fig. 7 and those for Co-substitution at different sites are
shown in Fig. 8.
In the Hg2CuTi phase of pristine Mn2NiGa, there ex-
ists a pseudogap in the minority spin band at about 1
eV below the Fermi level. This pseudogap is formed
mainly due to the hybridisations between the 3d states
of MnI and Ni which occupy symmetric positions in the
Hg2CuTi lattice and the 4p states of Ga. A peak around
0.1 eV below Fermi level, originating from the hybridi-
sations of the same orbitals results in the Jahn-Teller
instability in the system27,50,60,71 and drives the system
towards the martensitic transformations. The stabilities
of the martensitic phases as obtained from the total en-
ergy calculations, the variations in the elastic modulii
and proposed changes in the strengths of bonding upon
substitutions can now be interpreted from the minority
spin band densities of states. The elastic constant C ′ is
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FIG. 7: Total density of states for Fe substituted at different
sites in Mn2NiGa. The zero of the energy is set at Fermi
energy(EF ).
directly connected to the Jahn-Teller distortion since it
is the elastic modulus of tetragonal deformation. Thus, a
stronger covalent bond or weaker Jahn-Teller distortion
should result in a harder C ′.
Figs. 7 and 8 clearly show that substitutions weaken
the Jahn-Teller distortion in Mn2NiGa as the peak
around -0.1 eV gradually gets smeared out, thus stabil-
ising the Hg2CuTi structure. This explains the gradual
de-stabilisation of the martensitic phases with concentra-
tions of the substituents as seen in Figs. 3. Irrespective
of the site at which the substitution is done, it is either
MnI or Ni content that decreases at the 4a and 4b sites
weakening the hybridisations between their 3d and Ga
4p states. The substituents, either Co or Fe cannot re-
store the hybridisation as their 3d states in the minority
bands lie much deeper (Figs. 2-3 in supplementary infor-
mation). Such weakening of the Jahn-Teller distortion
upon substitutions is the reason behind hardening of C ′
with increasing substituent content in Mn2NiGa.
As seen from Figs. 7 and 8 as well as Figs. 2 and 3 of
supplementary material, for the Mn2−xXxNiGa (X=Fe,
Co) systems, the pseudogap at about -1 eV in the minor-
ity bands gradually become narrower and shallower for
X=Fe. This happens primarily due to the position of the
Fe-d states which are right in the gap. The weakening of
the Jahn-Teller distortion gradually pushes the MnI and
Ni states towards lower energies, making them hybridise
with Fe states within 0.3 eV to 0.75 eV below Fermi level.
Thus, initially for x ≤ 0.5, the covalent bond strength
in the system increases and is reflected in the changes
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FIG. 8: Total density of states for Co substituted at different
sites in Mn2NiGa. The zero of the energy is set at Fermi
energy(EF ).
in Cp (Table II). Beyond x = 0.5, the MnI content re-
duces weakening the covalent bonding slightly(Cp values
increase again along with a decrease in the (Gv/B)). In
case of X=Co, the situation is slightly different. The
Co states lie deeper than Fe states, but the hybridisa-
tions with Ni and MnI states which are pushed in to the
pseudo-gap due to weakening of the Jahn-Teller effect hy-
bridise with the Co states in a similar way as Fe. The only
noticeable difference in the two cases is that while the Fe
states are more delocalised towards higher energies, the
Co states are localised strengthening the covalent com-
ponents in the bonding. In both cases the pseudo-gap
moves towards higher energies but in case of the Fe sub-
stitution it morphs into a real gap cutting through the
Fermi level. A look at the majority spin densities of
states can also help in understanding the evolution of
the bonding strengths. For the Fe-substituted systems,
more states pile up near the Fermi level when the x > 0.5
due to increased hybridisation of MnII, Fe and Ga states
contributing to more metallicity in the bonds. In case
of Co-substitution at the MnI site, there is very little
changes in the majority band densities of states and thus
the evolution in the bonding nature is to be understood
from the features in the minority band densities of states.
In case of Mn2Ni(Ga1−xFex), the minority band densi-
ties of states are dominated by Fe states weakly hybridis-
ing with other atoms. The Fe states are more delocalised
except for x = 0.25. However, MnI and Ni hybridise
strongly for x = 0.25 with the strength gradually dimin-
ishing. The majority band densities of states have notice-
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FIG. 9: The calculated total (µB/f.u.) and atomic mag-
netic moment as a function of Fe content for Fe-substituted
Mn2NiGa.
able changes near the Fermi level with increasing x and
beyond x = 0.25; the major highlight being a peak and
larger densities of states at Fermi level owing to hybridi-
sations of Fe and MnIII states. This explains the more
covalent nature of the bonds for x = 0.25 and more metal-
lic for higher x. In case of Mn2Ni(Ga1−xCox), there are
little changes in the majority spin densities of states upto
x = 0.75. In the minority band, Co has greater contribu-
tions but it hybridises weakly with other atoms while the
stronger hybridisations are between Ni and MnI in the in-
termediate concentrations. This means that the covalent
bonding gets strengthened supporting the results of Table
II. The absence of MnI atoms at x = 1 along with sharp
contributions from MnIII near the Fermi level in the ma-
jority spin band, weakens the covalent bond strengths
and makes the system more metallic.
From Table II, it appears that the substitutions at Ni
sites makes the covalent bonds stronger and it prevails
for Co-substitution, in particular. For Co-substituted
systems, we find that that there is very little changes
in the overall features of the majority band densities of
states as the Co-content increases. The major changes
occur in the minority spin band where Co, MnI and Ni
hybridise. As the Ni content decreases, the hybridisa-
tions between Co and MnI (in the range of -1.25 eV to
-0.5 eV) gets stronger making the character of the bonds
more covalent. In case of Fe-substitution the stronger
covalent component in their bonds can be explained in a
similar way upto x = 0.5. However, at x = 0.75, a peak
appears close to the Fermi level due to Fe-MnI hybridi-
sation, which transforms to a large peak exactly at the
Fermi level for x = 1, thus increasing the metallic contri-
butions to the bonds. This picture is consistent with the
results from Table II.
E. Total and atomic magnetic moments
In Table I and Figs. 9 and 10 we present our re-
sults on total and atomic magnetic moments to un-
derstand the effects of site-substitution in Mn2NiGa
in the Hg2CuTi phase. Magnetisation measure-
ments on (Mn2−xFex)NiGa,31 Mn2(Ni1−xCox)Ga and
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FIG. 10: The calculated total (µB/f.u.) and atomic mag-
netic moment as a function of Co content for Co-substituted
Mn2NiGa.
Mn2Ni(Ga1−xCox)32 systems showed an increase in mag-
netisation upon Fe and Co substitutions. From our
results, we summarise the observations on the total
magnetic moments: (i) In almost all cases the total
moment increases with the concentration of the sub-
stituent, (ii) the rise in the total moment is fastest for
Mn2Ni(Ga1−xXx), and is slowest for Mn2(Ni1−xXx)Ga
systems, (iii) the variation of total moment with x is
non-linear for Mn2(Ni1−xFex)Ga. It increases for x ≤ 0.5
and then decreases for higher values of x. However, this
is consistent with the substantial changes in the elec-
tronic structures discussed in the previous sub-section,
(iv) all the compounds formed by complete substitution
of one of the atoms in the parent compound (x = 1) have
near integer moments with the highest being ∼ 9µB for
Mn2NiCo.
The calculated results agree very well with the
ones available in the literature, obtained either in the
magnetic measurements31,32 or from the first-principles
calculations.53,61–63 For (Mn2−xFex)NiGa (x = 0.25, 0.5)
compounds, the calculated results of magnetic moments
are consistent with the experiment.31 The noticeable
disagreements are in cases of Mn2Ni(Ga1−xCox)(x =
0.25, 0.5)32 compounds. This could be because of pres-
ence of anti-site disorder in the experimental sample or
due to the differences between actual composition and
the one reported in the experiment.32 Both the effects
can affect the magnetic moment as it is found to be
very sensitive to the sub-lattice composition in Ni-Mn-
Ga systems.38
The changes in the compositions at various sites af-
fect the atomic moments which in turn affect the varia-
tions in the total magnetic moments with the concentra-
tion of the substituents. From Figs. 9 and 10, we find
the following trends: (i) like Mn2NiGa, MnI and MnII
atoms couple anti-parallely in all compounds where MnI
is present (ii) the moment of MnII atoms undergoes lit-
tle variation with the composition across all compounds;
the general trend being a small decrease with the con-
centration of the substituent, (iii) the moment associated
with the Ni atoms increase with concentration of the sub-
stituent except when it is substituted by Fe or Co; the
faster increase is in cases of substitutions at Ga sites,
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(iv) the MnI magnetic moments increase slightly in mag-
nitude making the antiferromagnetic component in the
system stronger as the concentration of the substituent
increases for all systems except when substitutions are
done at Ni sites, where it’s magnitude decreases signify-
ing increase in the ferromagnetic component in the sys-
tem; the change is more rapid in case of Co substitution
at Ni site, (v) for the Ga-substituted systems, MnIII,
the Mn atoms at the Ga sites have large ferromagnetic
moments, almost equal in magnitude of MnII moments;
as the concentration of the substituent increases the con-
centration of MnI(MnIII) decreases(increases) weakening
the antiferromagnetic component in favour of a strong
ferromagnetic one. This explains the rapid increase of
the total moment for these systems, (vi) the Co moment
is larger than Ni moment and undergoes little change
across compositions and the site of substitution while
the Fe moment has a general trend of decreasing with
increasing Fe concentration. A rapid quenching of Fe
moment is observed in case of Mn2FeGa, the reason of
which has been discussed earlier.65 The slow increase in
the total moment for Ni-substituted systems, thus, can
be understood in terms of the losses of MnII and MnI
moments concurrently but in opposite directions, leav-
ing the changes to be governed solely by Ni and the
substituents moments, both of which vary slowly across
compositions. The linear increase in the total moment
of Mn-substituted system, on the other hand, can be at-
tributed to the gradual loss of contributions of MnI due
to it’s decreasing concentration which boosts the ferro-
magnetic component in the system with concentration of
the substituent. The explanations on the nature of such
variations in the atomic moments require analysis of the
electronic structures of each constituent. This has been
done in the supplementary material.
F. Magnetic Exchange interactions and Curie
temperature
In Fig. 11 and 12, we show the composition depen-
dences of Curie temperatures (Tc) calculated using Mean
field approximation (MFA) and Monte Carlo simulation
(MCS), respectively, for Fe and Co substituted Mn2NiGa.
Since the MFA results typically overestimate the Tc and
MCS results are found to be closer to experimental results
for variety of systems, the available experimental results
in these compounds are included in Fig. 12. The trends
in variations of Tc calculated using MFA and MCS are
by and large similar. As expected, the MFA results are
over-estimated in comparison with the MCS results and
the experimental values. From the MCS results, we find
that all the end compounds obtained by complete sub-
stitution of Fe or Co in any of the sites have very high
Tc, the largest being close to 900K for Mn2NiCo. The
qualitative variation of Tc for Mn2(Ni1−xCox)Ga agrees
well with the experiment32,72 although the MCS results
are little overestimated. The quantitative agreement be-
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FIG. 11: Calculated Curie temperatures as a function of sub-
stituent (a) Fe concentration and (b) Co concentration for
substitutions at different sites in Mn2NiGa. Calculations are
done by MFA method.
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FIG. 12: Calculated Curie temperatures as a function of sub-
stituent (a) Fe concentration and (b) Co concentration for
substitutions at different sites in Mn2NiGa. Calculations are
done by MCS method. Open symbols represent the experi-
mental results which are adopted from Ref. 31,32,63,72.
tween the MCS results and the experimental results31,63
for (Mn2−xFex)NiGa are better. There is significant
disagreement, both qualitatively and quantitatively for
Mn2Ni(Ga1−xCox) systems. The MCS calculations show
a sharp decrease in Tc for 25% of Co substitution af-
ter which the Tc rises sharply with increase in x. The
experiment,32 on the other hand, although obtained a
decrease in Tc upto x = 0.24 and a rise after that, the
changes were not this substantial. The experimentally
obtained Tc decreased from 538K (x = 0) to 517K for
x = 0.24 and rose to only 537K for x = 0.52. It may be
noted that their Tc for Mn2NiGa is lower by 50K in com-
parison to Tc obtained from other experiments.
25,31 Such
discrepancies could be due to anti-site disorder or off-
stoichiometric compositions present in the samples used
by the authors of Ref. 32. In fact, we have reported
discrepancies in the magnetic moments calculated by us
and obtained from their magnetic measurements in the
previous sub-section. Thus the origin of these discrep-
ancies could be the same. Nevertheless, the agreement
between the MCS results and the experiments for the end
compounds, wherever available, is remarkable.
In order to understand the trends in the Curie tem-
perature, we have calculated the inter-atomic magnetic
effective exchange coupling(Jeff ), presented in Fig. 13
and 14 for Fe and Co substituted Mn2NiGa, respectively.
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FIG. 13: Effective exchange coupling constant (Jeff ) as a
function of Fe content at different sites in Mn2NiGa.
The Jeff are calculated as J
µν
eff =
∑
j J
µν
0j ; 0 fixed to sub-
lattice µ and the sites j belong to sub-lattice ν. We find
that the dominant Jeff s remain either antiferromagnetic
or ferromagnetic across compositions. The dominant an-
tiferromagnetic Jeff is due to the MnI-MnII pairs while
the other dominant inter-sublattice Jeff s are ferromag-
netic. For (Mn2−xCox)NiGa system, the strength of an-
tiferromagnetic JMnI−MnIIeff decreases with x while the
strength of the largest ferromagnetic effective exchange
interaction, JCo−MnIIeff , increases with x. This is because
of the increasing hybridisations between nearest neigh-
bour Co and MnII which couple parallely resulting in the
weakened antiferromagnetic nearest neighbour MnI-MnII
exchange interaction as the system gradually becomes
MnI deficient (Co excess). The increasing ferromagnetic
exchange interaction between nearest neighbour Ni and
MnII and next nearest neighbour Ni-MnI and Ni-Co give
rise to an increase in the overall ferromagnetic interac-
tion. Upto x = 0.25, there is a competition between the
ferromagnetic and antiferromagnetic interactions which
brings the Tc down. Beyond x = 0.25, the ferromag-
netic components overwhelm the antiferromagnetic inter-
actions resulting in the rise of the Tc for higher values of
x. In contrast, for (Mn2−xFex)NiGa, the JMnI−MnIIeff re-
mains nearly constant with x. The strengths of the ferro-
magnetic Fe-MnII, Fe-Ni and MnI-Ni in these compounds
are weaker in comparison to those in (Mn2−xCox)NiGa
with Ni-MnII exchange interaction having nearly same
strengths and larger than the Fe-MnII one, exact oppo-
site to the Co-substituted compound. Such weaker fer-
romagnetic interactions are artefacts of weaker Fe-MnII
hybridisations, particularly for low values of x as can be
seen from the atom-projected densities of states (Fig. 2,
supplementary information) which shows that the major
peaks of Fe and MnII are always separated. This weak
interaction of MnII with one of the components in the 4a
site keeps the strength of the interaction with the other
component, MnI, at the same site intact across composi-
tions although the concentration of MnI decreases grad-
ually. This manifests itself in bringing down the Tc con-
siderably in (Mn2−xFex)NiGa for low x and keeping it
almost like that as x increases.
For Mn2(Ni1−xCox)Ga and Mn2(Ni1−xFex)Ga, we
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FIG. 14: Effective exchange coupling constant (Jeff ) as a
function of Co content at different sites in Mn2NiGa.
find the variations in the exchange interactions quite
similar, qualitatively and quantitatively. The antifer-
romagnetic MnI-MnII interactions remain largely unaf-
fected across compositions as the substitutions are not
done in either of these sites. The inter-sublattice anti-
ferromagnetic MnI-Fe and MnI-Co second-neighbour in-
teractions are found to be substantial and identical in
strengths. The strongest ferromagnetic interaction in
Co-substituted system is that of Co-MnII pairs while the
strength of Ni-MnII interaction is considerably weaker
across the concentration range. In case of Fe-substituted
system, though the strongest ferromagnetic interaction is
due to Fe-MnII pairs for smaller x values, the strength
of Fe-MnII interactions quickly catch up with it. This is
because of weakened hybridisations between Fe and MnII
(Fig. 2, supplementary material) as x increases. Thus,
the initial decrease in Tc for Mn2(Ni1−xFex)Ga is due to
weakening of the overall ferromagnetic interactions, pri-
marily due to weak Fe-MnII hybridisations. For higher x,
the JNi−MnIIeff compensates for the J
Fe−MnII
eff , strength-
ening the ferromagnetic interactions in the system lead-
ing to an increase in Tc with x. For Mn2(Ni1−xCox)Ga,
the strong ferromagnetic exchange interactions for all x
values lead to an increase in Tc with x.
In systems with substitutions done at Ga sites, more
number of interactions compete each other as Mn atoms
are present at three different sites. The antiferromag-
netic interactions are due to nearest neighbour MnI-MnII
and MnI-MnIII and second neighbour MnII-MnIII. The
ferromagnetic components in the exchange interactions
are due to nearest neighbours X-MnIII (X=Co, Fe), X-
MnII, Ni-MnII, Ni-MnIII and second neighbour Ni-MnI.
For X=Co, that is when Ga is replaced with Co, the an-
tiferromagnetic MnI-MnII interaction loses it’s strength
as does second neighbour antiferromagnetic MnII-MnIII
interaction while the nearest neighbour MnIII-MnI in-
teraction becomes more antiferromagnetic as concentra-
tion of Co increases. Among the ferromagnetic interac-
tions, except Co-MnIII which decreases with concentra-
tion of Co, the other three increase. Strong hybridisa-
tions of Co with MnII and MnIII atoms are responsi-
ble for the strong ferromagnetic interactions in this sys-
tem. This was predicted earlier32 without explicit com-
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putations of the exchange interactions. Our calculation
corroborates this with quantitative estimates. The an-
tiferromagnetic exchange interactions behave the same
way in systems with X=Fe. The ferromagnetic compo-
nents for Fe-substituted system are much weaker than
those for Co-substituted systems. In fact, although Fe-
MnIII was the strongest ferromagnetic interaction ini-
tially, it drops fast giving way to Ni-MnII and Ni-MnIII.
Weaker hybridisations between Fe and Mn-II/Mn-III as
Fe concentration increases can easily be seen from the
atomic densities of states (Fig. 2 of Supplementary ma-
terial). As Fe concentration increases, the Fe majority
spin states move towards higher energies in comparison
with MnII/MnIII states, thus making the hybridisations
weaker. The weaker ferromagnetic components in Fe-
substituted systems explain their smaller Tc values, in
comparison to Co-substituted systems, particularly for
higher x values. In both systems, the sharp decrease at
x = 0.25 is due to relatively stronger AFM interactions.
As x increases, the ferromagnetic interactions build up,
effecting increase in Tc.
IV. SUMMARY AND CONCLUSIONS
With the help of first-principles density functional
based calculations, we perform an in depth investiga-
tions of the effects of Fe and Co substitutions in mag-
netic shape memory system Mn2NiGa. We study the
site preferences of the substituents, the stabilities of the
substituted compounds and their various properties in
order to understand different aspects of substitutions in
Mn2NiGa, which in combination with available results
on the Ni2MnGa systems with similar substitutions can
provide a consistent picture of the effects of such sub-
stitution in Ni-Mn-Ga alloys. We perform investiga-
tions mostly in the Hg2CuTi structure which represents
the high temperature austenite phase of Mn2NiGa. Re-
garding site preferences and stability of the compounds
formed by substitutions at different sites, we find that the
substituents prefer the sites of substituting atoms when
Ni or Mn is being substituted. In case of substitution of
Ga, the substituents prefer to occupy the 4a sites in the
Hg2CuTi lattice, displacing the original constituent to
the 4d site. This is in contrast with substituted Ni2MnGa
where site preferences sensitively depend upon the sub-
stituting site and the substituent. We also find that the
Co-substitution in Mn2NiGa makes the system more sta-
ble in comparison to Fe-substituted Mn2NiGa.
The patterns in the site occupancies lead to a gradual
de-stabilisation of the martensitic phase of Mn2NiGa irre-
spective of the site of substitution and the substituent, in
agreement with experimental observations.31,32 This uni-
form trend is an artefact of progressive weakening of the
Jahn-Teller distortion that drives martensitic transfor-
mation in Mn2NiGa. The Jahn-Teller instability in the
Hg2CuTi phase of Mn2NiGa is due to the hybridisations
between the d-states of constituents at the 4a and 4b po-
sitions(MnI and Ni respectively) and the p-states of Ga
in the minority band. Since the substitution of another
transition metal element like Fe or Co in Mn2NiGa in-
variably replaces the elements at 4a and 4b positions, the
hybridisations leading to Jahn-Teller instability, gradu-
ally vanishes with the increase in concentration of the
substituent. The deep lying states of Fe and Co cannot
restore the Jahn-Teller instability, rather contribute to
it’s decline. The same trend is observed in substituted
Ni2MnGa.
38 Thus, the site preferences of the substituents
along with the positions of their states inside the minor-
ity spin bands are responsible for the martensitic trans-
formation in Ni-Mn-Ga alloys over a large composition
range.
The results on elastic modulii provide two useful in-
formation: (i) the tetragonal shear modulus C′ can be
considered as a predictor of the martensitic transforma-
tion and (ii) a correspondence between the ductile-to-
brittle and metallic-to-covalent bonding transition can be
curved out for substituted Mn2NiGa. We find that the
weakening of the martensitic stability largely correlates
with the strengthening of the covalent bonds, due to hy-
bridisations of the minority spin states of the substituents
with either of the elements in 4a and 4b positions along
with Ga at the 4d sites. The substitution at Ni sites
render the systems more covalent as well as more brittle,
while rest of the systems are, by and large, more metallic
and ductile.
An immediate consequence of the disappearance of the
Jahn-Teller distortion and the positions of the energy lev-
els of the substituents which are deeper into the occu-
pied parts of the minority spin bands of Mn2NiGa, is
opening of an energy gap in the minority band cutting
through the Fermi level. This gap is like a half-metallic
gap with spin polarisations of the substituted Mn2NiGa
reaching near 100% when the substitution is complete.
We find that all the compounds formed by 100% substi-
tution have nearly integer magnetic moment and nearly
follow the Slater-Pauling rule of M = Nv − 24,73,74 M
the total magnetic moment and Nv the number of valence
electrons. Thus Fe and Co substitutions, although leave
Mn2NiGa unsuitable for shape-memory applications ex-
cept at low concentrations of the substituents, produce
new compounds which are potentially useful for other
magnetic applications.
The magnetic properties of Mn2NiGa, in general im-
prove, with more presence of the substituents. This is be-
cause of increasing ferromagnetic exchange interactions
between the substituents and other magnetic atoms, and
subsequent weakening of the dominant MnI-MnII anti-
ferromagnetic interaction. The magnetic moments in-
crease with concentration of the substituents as a result of
this, the highest rise being in case of substitutions at the
Ga sites, where an uncommon pattern of site occupancy
magnifies ferromagnetic exchange interactions. Thus, we
find a new stable magnetic material Mn2NiCo with a
moment as high as ∼ 9µB/f.u. The magnification of fer-
romagnetic exchange interactions elevate the Curie tem-
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peratures in these systems with Tc of Mn2NiCo as high
as ∼ 900 K. This hitherto unsynthesised material is in
the league of newly discovered magnets in Heusler family
having only 3d transition metals as their components.41
In conclusion, this work has explored the interrelations
between the site occupancy, martensitic phase stability,
bonding picture, mechanical and magnetic properties of
Fe and Co substituted Mn2NiGa. The results demon-
strate that substituted Ni2MnGa and Mn2NiGa behave
quite similarly and thus the effects of substitution of an-
other transition metal in Ni-Mn-Ga system over a wide
range of composition can be easily predicted. An impor-
tant outcome of this work is the emergence of high spin-
polarisable, nearly half-metallic compounds with high
Curie temperatures upon complete substitution. A com-
pletely new material Mn2NiCo shows promises with it’s
very high moment, spin polarisation and Tc. These re-
sults can motivate the experimentalists to explore such
new materials. This work also acts as a guidance to the
researchers about choice of suitable substituent and com-
position to improve functional properties of Ni-Mn-Ga
systems.
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